Language production and spatial attention are the most salient lateralized cerebral functions and their complementary specialization has been observed in the majority of the population. To investigate whether the complementary specialization has a causal origin (the lateralization of one function causes the opposite lateralization of the other) or is rather a statistical phenomenon (different functions lateralize independently), we determined the lateralization for spatial attention in a group of individuals with known atypical right hemispheric (RH) lateralization for speech production, based on a previous large-scale screening of left-handers. We show that all 13 participants with RH language dominance have lefthemispheric (LH) dominance for spatial attention, and all but one of 16 participants with LH language dominance are RH dominant for spatial attention. Activity was observed in the dorsal fronto-parietal pathway of attention, including the inferior parietal sulcus (IPS) and superior parietal lobule (SPL), the frontal eye-movement field (FEF) and the inferior frontal sulcus/gyrus (IFS/IFG), and these regions functionally co-lateralized in the hemisphere dominant for attention, independently of the side of lateralization. Our results clearly support the Causal hypothesis about the complementary specialization, and we speculate that it derives from a longstanding evolutionary origin. We also suggest that the conclusions about lateralization based on an unselected sample of the population and laterality assessment using coarse fTCD should be interpreted with more caution.
Introduction
A striking observation in the human brain is the hemispheric asymmetry of many information processing functions. Various tasks elicit more brain activity in the left than the right half of the brain, or vice versa. This has become particularly clear in the brain-imaging studies of the last two decades. Cerebral lateralization has long been considered a hallmark of human development. However, it is now clear that functional lateralization exists not only in humans but also in a variety of vertebrates such as primates (1, 2) , songbirds (3), mice (4) , and even in invertebrates such as honeybees (5) .
The mechanisms underlying functional lateralization are still unclear, although it seems reasonable to assume that it must have an evolutionary advantage. A series of studies by Rogers and colleagues (6, 7 ; see also 8) gave some hints about the possible advantages of functional lateralization. They examined the performance of chicks in "dual-task" situations consisting of predator detection, associated with fear response, which is lateralized to the right side of the brain, and pecking, which is associated with left hemisphere specialization. Rogers and colleagues compared the performance of chicks with strong lateralization and with weak lateralization. The results suggested that strong lateralization of the tasks in different hemispheres, i.e. complementary specialization, resulted in better performance (6) .
Although animal studies suggest that functional lateralization has advantages in carrying out simultaneous processing, which may have contributed to the evolution of cognitive lateralization (see also 9), surprisingly little empirical evidence is available for humans. On the one hand, recent imaging techniques have confirmed that in the vast majority of the population language production is left lateralized (10, 11) , whereas visuospatial attention is right lateralized (12) (13) (14) (15) . On the other hand, although some studies suggested that a larger degree of hemispheric lateralization is associated with better performance (16, 17) , others found negative correlations or no correlation between the degree of laterality and performance (18, 19 ; for a discussion see also 20) . Also, few advantages of dual-task performance have been reported so far.
An interesting theory about the origin of human laterality was proposed by Kosslyn (21) .
He reasoned that activities involving the coordination of rapid sequences of precise, ordered operations require unilateral control, because in such cases one needs a single set of commands for both halves of the body. Therefore, these activities are innately lateralized. Kosslyn postulated two unilateral control systems: speech control, which is usually lateralized to the left hemisphere (LH), and shifts of spatial attention in response to environmental stimuli, which are commonly controlled by the right hemisphere (RH). According to Kosslyn, both systems perform best if they are controlled by different hemispheres, in line with the crowding hypothesis stating that spatial attention performance can be crowded out if language involves regions in the same hemisphere (22) (23) (24) . These two seeds then cause snowball effects, affecting the laterality of systems/subsystems interacting with them. Individual differences in laterality are assumed to be due to the innate biases of the two systems and the degree of information degradation caused by interhemispheric transfer. This theory will be termed the Causal hypothesis. Note that this term does not necessarily imply causality between the two systems themselves, they could also derive from a common origin.
An alternative to the Causal hypothesis is the Statistical hypothesis, according to which complementary specialization is a statistical rather than a casual phenomenon (25) . Asymmetries of functions reflect innate biases of independent sources, but different functions lateralize independently. Atypical laterality of one function has no consequences for the laterality of the other functions. The Statistical hypothesis seems to be the dominant one at the moment (26-28; see the discussion section).
While the issue of functional laterality in humans has been seen as a critical question in evolution and development, and the two hypotheses have been discussed in numerous studies, they are not easy to dissociate. Some earlier evidence of atypical co-lateralization of speech and spatial attention came from clinical cases. The problem, however, is that it is hard to know to what extent functioning has changed as a result of the brain damage (29, 30) . Luckily, advances in neuroimaging have opened a new approach to test the issue, by revealing that atypical laterality (i.e., RH language or LH visuospatial attention) can be observed in healthy participants (11, 31) . Therefore, a particularly interesting question is what happens to one function (e.g., attention control) in participants who have the other function (speech) lateralized in the nontypical RH. If the Causal hypothesis is correct, we would expect both functions to lateralize atypically, and a division in hemispheric specialization would still be observed. If the Statistical hypothesis is correct, we expect that participants with one function atypically lateralized will have the same hemisphere dominant for both functions, given the low probability of atypical lateralization of the other function.
Among previous studies investigating the relationship between language lateralization and spatial attention lateralization, a few have tested the issue in healthy participants (26) (27) (28) (31) (32) (33) (34) . Interestingly, these studies all failed to find a correlation between language lateralization and spatial attention lateralization and they interpreted the results as evidence for the Statistical hypothesis. It should be noticed, however, that the Statistical theory predicts that for the majority of individuals with one function atypically lateralized, the other function should be lateralized to the same hemisphere, as mentioned above. This was not the case. In other words, the results favored neither the Causal nor the Statistical hypothesis. In all likelihood, the lack of correlation was due to a high degree of noise (see the discussion section).
The following shortcomings may have blurred the findings: (1) very few participants with atypical laterality were tested, and (2) handedness and hemispheric dominance were sometimes confounded. In student populations, only 1 out of 10 lefthanders have clear atypical speech dominance (10) . This is a very low percentage to find significant correlations in unselected samples. Furthermore, (3) the control tasks used in some studies were either too low-level (e.g. fixation) or not appropriate as baseline (e.g. the task-related hand response was not controlled); (4) some paradigms were not efficient, possibly eliciting activity that was too low to get a clear lateralization pattern, and the laterality index was therefore very method-dependent, and (5) the functional transcranial Doppler (fTCD) sonography technique used in some studies may have been too coarse. fTCD measures stimulus-related blood flow velocity changes in the vascular territories of cerebral arteries and may not be able to precisely decide the functional lateralization within a particular cerebral region.
In the current study, we carefully examined the lateralization of visuospatial attention by testing a group of individuals with known RH lateralization for speech production, based on a previous large-scale screening of 265 left-handers (35) . In that study, we showed that behavioral visual half field (VHF) tasks are a good screening method to determine language dominance in a large sample of healthy left-handers. Participants were first tested on a word and picture naming task and one fourth of them were then examined for speech lateralization in a silent word generation task in fMRI. About 80% of participants with a left visual field advantage in both word and picture naming turned out to have atypical right hemispheric speech dominance, while all participants with a clear right visual field advantage in the VHF tasks showed left dominance in fMRI. The silent word generation task has good concordance with WADA test results and is considered as the most robust and reliable paradigm for measuring language production (36-38), whereas the Landmark task is widely used as a measure of visuospatial attention. We opted for the Landmark task in the current study because it has limited eye movement and motor demands, and is considered to be a particularly good paradigm for fMRI (14, 39) .
Results

fMRI results
One participant had to be excluded from further analyses because of excessive head movements up to 5.1 mm. The remaining 31 participants made head movements of less than one voxel.
For the word generation task, a group analysis on all 31 participants showed strong activity in the inferior and middle frontal gyri (peaked in the IFG pars opercularis, extending to the precentral gyrus and insula), the cingulate gyrus, the SMA, the inferior parietal lobule and the cerebellum. For the Landmark task, the group analysis with all participants showed increased activation in the Landmark Task (LM against LMC) at the IPS and superior parietal lobule (SPL), extending to middle/inferior occipital gyri, and anterior activations in the frontal eye field (FEF, precentral gyrus) and the inferior frontal sulcus (IFS), extending to the inferior and middle frontal gyri (Table 1) . Individual word production laterality indices (LIs) were calculated for IFG activity using weighted mean LI and bootstrap methods (40, 41) . Sixteen participants showed the typical left lateralized activation pattern (LI>0.5), fourteen participants were right lateralized (LI<-0.5) and one was marginally right lateralized (LI=-0.45, considered as right lateralized in further analyses).
Region
Group analysis for the participants with typical LH and atypical RH dominance showed clear mirror-reversed patterns (see also 35) .
Analysis of the fMRI data in the Landmark task showed that all but two participants had significantly more activation in LM than LMC at the whole brain p<0.001 uncorrected. The two participants (RH dominant for language) who showed no parietal activity even at a much lower threshold (p<0.01 uncorrected, k=10) were excluded from further analyses. Individual LIs were calculated for IPS/SPL, which is considered the critical site for visuospatial attention (14, 42) , and also the most activated region in the current study. For each participant, an LI was calculated on a series of thresholds of t-values, and a weighted mean LI was then calculated by attributing a higher weight to higher thresholds (See Methods section for more details). To further test the hemispheric differences, we ran an extra analysis for the Landmark task in which for each participant we directly compared the amplitude of the hemodynamic response between the two cerebral hemispheres (see methods for more details). 1 This analysis confirmed the significant right-hemisphere dominance for the typical group (right picture of panel (a) in Figure 1 ) and the significant left-hemisphere dominance for the atypical group (right picture of panel (b)). It further showed that functional laterality was observed in widespread parietal and frontal regions, but also in the inferior/middle occipital and inferior temporal regions, as well as in the thalamus. The "typical" group showed in addition right-lateralized activations in the middle cingulate gyrus (all p<0.001, cluster p<0.05). Both groups had a crossed cerebrocerebellar lateralization pattern. That is, the activation in the posterior cerebellum was contralateral to the cerebral hemisphere dominant for visuospatial attention and was not related to the participants" handedness.
To The right-lateralized parietal and precentral activations in both groups seem to be largely due to the finger responses. No significant activity was seen for LMC against LM condition (masked by LMC>Rest). Finally, to further investigate the laterality of the fronto-parietal network underlying visuospatial attention, LIs were calculated for other regions that were significantly activated in the current study, and that are considered to play an important role in the literature, mainly the FEF, the IFS, and the visual cortex. For the FEF, we defined a symmetric sphere around the peaks of FEF activation based on the group analysis of all the participants (center at x= ±30, y = -6, z = 58; r = 12mm). For the IFS activation, which was more extensive, we used a broader anatomically-defined symmetrical ROI (taking the inferior and middle frontal gyri) as we did for the IPS activations. We also defined a symmetric occipital ROI including the middle and inferior occipital gyri. As expected, we found that in the Landmark task the lateralization of the IPS/SPL activation was highly positively correlated to the activation in all these regions (IFS: r=0.98; FEF:
r=0.98; Occipital: r=0.83), as shown in Figure 4 . 
Behavioral results for the Landmark task
To see how brain activation was related to performance in the Landmark task, we analyzed the behavioral data of this task. They showed that the LMC condition was easier than the LM condition. Participants made on average 16.1% errors in the LM condition versus 1.8%
in the LMC condition (paired t-test p<0.001). They were also faster in the LMC condition (mean RT= 574 ms) than in the LM condition (mean RT = 778 ms; paired t-test p<0.001). To examine whether this pattern was the same for both laterality groups, a two-way ANOVA was run on the RTs with the variables Lateralization pattern (typical or atypical) and condition (LM or LMC). distance to the center) on all 6 non-center locations confirmed that each group showed an effect of direction (p<0.003 for the atypical and p<0.001 for the typical group). In addition, there was a main effect of distance (p<0.001 for both groups) and an interaction effect (p=0.0011 for atypical and p<0.001 for typical) indicating that the right bias was most salient at the locations closest to the center.
Discussion
In the current study, we carefully examined a group of 13 left-handed participants with atypical speech dominance on the Landmark task and we observed that all of them were atypically LH dominant for spatial attention. In contrast, all but one of the 16 participants with typical LH speech dominance, were RH dominant for spatial attention. These results are largely consistent with the predictions of the Causal hypothesis, because the opposite asymmetries are unlikely to be due to chance, as claimed by the Statistical hypothesis, given the low probability of atypical lateralization of either function (11, 32) . To our knowledge this is the first neuroimaging study that clearly supports the Causal hypothesis and provides evidence against the Statistical hypothesis. This raises the question why the pattern has not been observed before.
Re-examination of the previous studies
To better understand our findings, we re-examined the observations reported in previous brain imaging studies. The number of these investigations is limited, as most studies on atypical functional asymmetry focused on language (e.g., to find out whether brain imaging could replace the WADA test for clinical purposes; Chee et al. (43) rest). Four of the 10 participants with RH dominance for language also showed RH dominance for line bisection. Of these, however, two were among the three least lateralized participants on the language and the bisection tasks. Other cases of uncrossed laterality were reported (or replicated) in fMRI studies (32, 34) . Again, the patterns of uncrossed dominance were more in line with bilateral than unilateral control (LIs between 0 and -0.5), except for one right-hander with RH language and RH attention, reported in Jansen et al. (34) . Whitehouse and Bishop (27) examined 75 participants using fTCD. They found no participant with a complete reversal of the typical organization (RH language and LH attention), whereas 16 participants had both language and spatial attention in the same hemisphere. However, if the results are thresholded at |LI| >0.5, as before only one out of the 16 participants showed co-lateralization of both tasks. Rosch et al.
(28) also used fTCD and showed no relationship between language and visuospatial lateralization in 20 right-handed participants. In our view, however, these data are more illustrative of the limits of fTCD than anything else, given that 5 of the 20 strongly right-handed participants supposedly had a RH dominance for language and 5/20 participants supposedly had a LH dominance on the Landmark task. This does not agree with the findings from previous fMRI studies.
All in all, it seems to us that previous authors may have been too hasty to adhere to the Statistical hypothesis. They did not make a distinction between degree of laterality (or rather, between clear and unclear laterality patterns) and side of laterality, a problem that is likely when unselected samples are used, given the rarity of atypical laterality. In addition, we would like to point out that most of the studies did not use a proper control task, which is needed to partial out irrelevant activity due to hand-related responses. In particular the fTCD studies compared a LM condition to a Rest condition. As shown in Figure 4 , both the LM and the LMC conditions strongly activated the hemisphere contralateral to the responding hand, when compared to the Rest condition. This activation spreads from the postcentral sulcus/gyrus to the precentral gyrus and anterior IPS, and is in line with hand-related activations shown in previous studies (44, 45) .
As can be seen in our results, as well as in other recent imaging studies, the activation due to finger movement is very close to the IPS and even overlapping in anterior IPS. Therefore, it must be carefully controlled for. Still, most of the studies discussed above did not include a control task eliciting a hand response, and some mixed left-and right-hand responses in the Landmark task. This makes the findings difficult to interpret.
Finally, authors may want to be more careful when calculating LI indices. As indicated by Wilke and colleagues (40, 41) , the use of a multi-thresholded bootstrapped method is less affected by inter-individual differences in activation strength. It is also advised to ensure that there is enough activity in the regions of interests (see also 46). Otherwise, LIs may be largely based on noise. This is particularly important when the experiment uses a low-efficiency paradigm and when the activity is weak.
Lateralization of the dorsal fronto-parietal attention network
In our study, we found crossed lateralization in all but one participant for speech production and the Landmark task, even though the brain areas involved in both tasks have very little overlap. Previous studies have suggested two networks underlying visuospatial attention:
The first is the dorsal fronto-parietal network, including part of IPS/SPL and the superior frontal cortex, which is active during voluntary ("top-down") attention. The second is a ventral system, including the temporo-parietal junction and IFG, which is used to direct attention to salient events ("bottom-up" attention) (42, 47) . In our study, the Landmark task predominantly activated the dorsal fronto-parietal network, which reflects the "top-down" nature of the task. In the frontal cortex, we observed clear activation in FEF and IFS, which functionally co-lateralized with IPS/SPL. While FEF is considered as a typical site in the network, we cannot completely exclude the possibility that part of the activity was due to the extra eye movements elicited by the Landmark task compared to the LMC task, in order to judge the exact midline. On the other hand, given that eye movements can be considered as overt shifts in attention controlled by the same network as covert attention (48), the interpretation largely remains the same. The IFS/IFJ activation is also in line with the results of previous studies (49) , which have considered this area as an additional region related to the dorsal network. Intriguingly, the IFS/IFJ region is also involved in the dorsal attention network related to resting state activity, which is independent of spatial attention (47) . This may indicate that the asymmetry of this area is part of an even wider asymmetry, and that the laterality of speech production is not the driving force behind the reversal of the dorsal fronto-parietal network but itself the outcome of a deeper asymmetry with a longstanding evolutionary origin (cf. the lateralities documented in other species).
It should also be noted that the Landmark task was initially used to disambiguate the contribution of perceptual biases from motor biases in bisection (50) . It involves not only processes related to shifting and sustaining visuospatial attention to a location but also processes related to the perceptual judgment of localization. In the current study, the control task also involved shifting and sustaining of attention and some perceptual judgment but was easier than the Landmark task (as indicated by the overall accuracy and mean reaction time). So, the fMRI activity in the Landmark task compared to the control task may reflect not only spatial attention but also perceptual judgment. This may explain why we observed activation in the extrastriate cortex, which functionally co-lateralized with the dorsal attention network. This region has been associated with the "top-down" influences on the early visual processing related to the midline assessment of the Landmark task (14) . The possible involvement of perceptual judgment in the Landmark task does not undermine the capability of the present study to distinguish between the Causal and the Statistical hypothesis of hemispheric asymmetry, but it indicates that the Landmark paradigm may measure more than pure visuospatial attention.
Intriguingly, the divergent hemispheric dominances of the participants in the brain imaging data did not translate to the behavioral results of the Landmark task. Both groups of participants showed a slight rightward bias. To determine whether the right bias could (partly) be due to the left-handedness of our participants, we tested a new group of 13 right-handed persons who at a group level were supposed to be right dominant for visuospatial attention. We tested them twice with the same paradigm as used in the present manuscript: Once in a normal upright position in front of a computer screen and once in an MRI simulator. Surprisingly, the righthanded group also showed a rightward bias in the scanner (90.1±8.5% midline responses at the center, 52.6±36.6% midline response at the closest right location, and 32.3±22.9% midline responses at the closest left location). Furthermore, this bias shifted to the left when the participants performed the same task in front of a computer, at a distance of 50 cm (with the length of the horizontal line reduced to 8.2 cm, to achieve the same visual angle as in the scanner). Now they were 89.5±9.8% midline responses at the center, 19.2±15.0% such at the closest right location, and 28.2±21.9% midline responses at the closest left location. Researchers have previously observed that the usual leftward bias in the Landmark task with near stimuli reverses to a rightward bias when the stimulus is placed outside the participants" reaching space (51, 52) . So, the most likely explanation for the rightward bias in the scanner, but not in front of a computer, is that the Landmark stimulus is experienced in far space when participants are lying in the scanner (with the stimulus 1.1 meter from eye position and no possibility of touching the stimulus) In other words, while the Landmark task is considered to be a particularly good paradigm for fMRI (14, 39) because of its limited eye movement and motor demands, it may not be fully the same in the scanner as in the laboratory in front of a computer. The far space experience of the stimulus in the scanner may be another reason why we saw enhanced bilateral activation in the occipital and medial occipitotemporal cortex (53), which should be taken into account in further fMRI studies.
Implications for genetic models of handedness
One of the reasons why the Statistical hypothesis is dominant nowadays is that it is in line with genetic models of hand preference, as proposed by Annett (54) and McManus (55).
Therefore, our finding of crossed laterality is likely to have implications for these models as well.
Genetic models of hand preference aim to explain the prevalence and co-occurrence of handedness and cerebral dominance (54, 55) . Among other things, they have to explain why the congruence of speech laterality and hand preference is higher among right-handers (95% LH speech control) than among left-handers (10-25% RH speech control in unselected samples). An influential suggestion (56) is that hand preference is controlled by an allele, which can be either right-biased (the D-variant) or not biased (the C-variant). People with DD alleles are assumed always to be right-handed and LH-dominant for speech; people with CC alleles are at random both for hand preference and speech dominance; finally, people with DC alleles are in-between (75% chance of right-handedness and LH speech-dominance). A good fit of the data is obtained when the proportion of the C-variant in the population is estimated to be around .155.
Importantly, McManus"s model assumes that atypical dominance of hand control and speech control are due to chance and, therefore, should be statistically independent. Consistent biases are only expected for people with DD alleles. So, the finding that all 13 participants with RH language control showed LH dominance in the dorsal fronto-parietal network is unexpected, unless one accepts that the C allele initially allows for plasticity, so that laterality of one core function (either language or visuospatial attention) increases the chances of crossed asymmetry of the other function in order to avoid crowding, as hypothesized by Kosslyn (21) and several authors before him (22) (23) (24) . The findings that crossed lateralization is not 100% (see the deviating person in Figure 2 ) and also less present in people with bilateral control are in line with the presence of some element of chance.
Link between function and anatomy
Another question our findings raise is whether atypical functional asymmetries are associated with atypical anatomical asymmetries. Recent tractography studies suggest that visuospatial attention largely depends on a fronto-parietal pathway, which corresponds to the second branch of the superior longitudinal fasciculus (SLF II) described in monkeys (57-59).
Thiebaut de Schotten et al. (58) further showed a positive correlation between the laterality of this parieto-frontal connection and visuospatial performances in a line bisection task, even though this finding was to some degree limited for the narrow range of lateralization indices used (i.e. lack of strong lateralization). Intriguingly, some researchers also suggested that language lateralization is linked to more extensive fronto-temporal connectivity along the SLF (including the arcuate fasiculous) (60, but see 61). Therefore, given that our results lend support to the Causal hypothesis, it would be of interest to further investigate the asymmetry of these structural fibers and their relationship with functional lateralization.
To conclude, the current study examined the relationship between the functional lateralization of language production and that of visuospatial attention, in left-handers with typical or atypical language lateralization. Our results strongly support the Causal hypothesis -a function becomes localized to one hemisphere because the other hemisphere has already taken responsibility for the other function. Together with evidence from previous studies in other fields, we think that the lateralization of language and spatial attention are dependent and have a longstanding evolutionary origin, because both functions perform better with a single, unilateral control center and because crossed lateralization avoids crowding.
Methods
Participants
Thirty-two subjects (28 females and 4 males, aged 18 to 29 years, mean age = 20.4 years) participated in the current study. They were selected from a large group of 265 left-handers who had been tested for atypical language laterality (35) . On the basis of two behavioral visual half field tasks (word and picture naming) and a fMRI word generation task (see below), 16 were classified as being LH dominant, 14 participants were known to be RH dominant for language, and 1 was bilateral (with a predominance of the RH). One participant had to be excluded from the analyses due to excessive head movements in the scanner.
All participants were Dutch-speaking students from Ghent university or higher education schools (with minimum 12 years of education), with no history of neurologic, medical, psychiatric problems, or abnormal brain morphology. They all had normal or corrected-tonormal vision. All participants reported to write and draw with their left hand, and handedness was assessed with the Edinburgh handedness inventory (62), combined with a questionnaire about eyedness, earedness and footedness (63) . All participants fulfilled the conditions to be scanned according to the guidelines of the Ethics Committee of the Ghent University Hospital and gave their written informed consent before participation.
Tasks and stimuli
Word generation task
A word generation task was used to measure the lateralization of language production (see also 26, 36, 64) . The task consisted of an active condition and a control condition. In each active block, a letter was presented in the middle of the screen (b, d, k, l, m, n, p, r, s, or t) for 15 seconds, during which participants were asked to silently produce as many words as possible. In control blocks, participants saw the letter string "baba", which is a nonword in Dutch, and they were asked to silently repeat this nonword for 15 seconds. Ten active and ten control blocks were alternated with 20 rest blocks in which a horizontal line instructed the participants to relax. A practice phase was run outside the scanner.
Landmark Task
The lateralization of visuospatial attention was measured with the Landmark Task. The task consisted of 6 active blocks (the Landmark task condition, hereafter LM), 6 control blocks (hereafter LMC), and 6 fixation blocks as low-level baseline condition (the same procedure as followed by Cicek et al. (65)). Each LM or LMC block was preceded by an instruction screen for 4 seconds indicating which task was to be performed. Blocks consisted of 12 trials in a randomized order and lasted for 21.6 seconds. On each trial a horizontal line (15 cm long, subtending a visual angle of 8°) was presented for 1.6 seconds, together with a short vertical line.
In the LM blocks, the vertical line was centered on the horizontal line, either exactly at the middle of the horizontal line (in 50% of the trials) or slightly deviated to the left or to the right (in the remaining 50% of the trials). Three distances were used: 2.5%, 5.0%, or 7.5% of the length of the horizontal line. Participants were asked to decide whether the line bisection was exact. They were instructed to press a button on the response box with their left index finger if the bisecting line was exactly in the middle and to press another button with the left middle finger if it was not. In the LMC blocks, the stimuli were identical to the landmark condition except that in 50% of the trials the short vertical line was placed perpendicular on the horizontal line and in the other 50% trials it was placed slightly above the horizontal line and did not make contact with it. Participants were asked to decide whether the short vertical line made contact with the horizontal line (press a button on the response box with their left index finger) or not
(press with their left middle finger). Two hundred ms after the offset of the stimulus the next trial started. LM blocks and LMC blocks were presented alternatively and in between them 6 fixation blocks were included, during which participants were asked to rest.
FMRI data acquisition
Imaging data were acquired on a 
FMRI data analyses
FMRI data were analyzed using SPM5 (www.fil.ucl.ac.uk). The first four functional images of each session were eliminated to obtain magnetization equilibrium. The remaining functional images were slice-time corrected, spatially aligned, and co-registered to the individual T1. All functional images and structural image were then normalized to the standard MNI T1 template, and the normalized functional images were smoothed using a Gaussian kernel of isotropic 10-mm full-width half-maximum and highpass-filtered at 128s.
For each participant and experiment, the data were modeled using boxcar functions convolved with a canonical hemodynamic response function. Six parameters capturing participants" head movements were included in the model as additional regressors of no interests.
Statistical parametric maps for effects of interests were calculated by applying corresponding contrasts to the parameter estimates. The individual results for each contrast were then entered into a second level random-effects group analysis. where W i is the t threshold at which the image was thresholded in order to generate the value of LI i .
To further investigate the asymmetry patterns of activation in the Landmark task, we also performed an analysis based on direct interhemispheric comparisons of signal magnitude (see 67) . A symmetric EPI template was constructed by taking the average of the original MNI EPI template and its left-right reversed image. For each participant, the parameters required to spatially normalize the image to the symmetric EPI were then calculated from the mean of the original spatially normalized EPI time series, and these parameters were applied to the contrast image of interest. We then created images representing hemispheric difference by subtracting the amplitude of the hemodynamic response for each voxel in the RH from its corresponding voxel in the LH. The images of individual hemispheric difference were then entered into group level ttests.
